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ANALYTICAL INVESTIGATION 
OF CERTAIN ASPECTS OF 

LMFBR SUBASSEMBLY-FAILURE PROPAGATION 

by 

W. W, M a r r , P . Y. Wang, B. Mis ra , 
A. Padi l la , and R. M, Crawford 

ABSTRACT 

This repor t p resen t s the analytical investigation of 
ce r ta in problems in the a r ea of subassembly- to -subassembly 
failure propagation in LMFBR's . Existing analyses ofthe r e ­
sponse of the adjacent subassembly duct to nnechanical loads a re 
reviewed and summar ized , and major uncer ta int ies a re identi­
fied. Additional analyses of the response of the adjacent sub­
assembly to cer ta in the rmal loads a re presented in two pa r t s . 
In the f i rs t par t , the effect of an external heat flux on duct 
melt ing and the rmal s t r e s s e s is considered. The external heat 
fluxes requi red to produce duct melting or excessive thermal 
s t r e s s e s a re compared with the heat fluxes that might be ex­
pected from the molten fuel deposited on the duct wall. In the 
second par t , a thermal -hydraul ic study is performed to inves­
tigate the effect of the external heat flux on the coolant t emper­
ature distr ibution in the adjacent subassembly. Both normal 
subassembly geometry and dis tor ted subassembly geometry a re 
considered. A detailed model of the coolant region formed 
by the heated duct wall and the displaced fuel pins is also 
analyzed to determine whether there a re severe t empera tu re 
gradients . 

I. INTRODUCTION 

This r epor t reviews and suminar izes existing work and p resen t s the 
resu l t s of additional analyses of potential or hypothetical mechanisms for 
subassembly- to -subassembly failure propagation. This repor t is the third in 
the se r i e s to evaluate the problem of fuel-failure propagation in LMFBR's . In 
the f i r s t r epo r t on local initiating even ts , ' it was concluded that pin- to-pin 
fai lure-propagat ion modes resul t ing from postulated initial faults were inher­
ently self- l imit ing. In the second report,^ severa l accident situations were 
postulated to determine the capability of the accident subassembly duct to 
withstand severe mechanical and t he rma l loads. It was found that duct integri ty 
would not be threatened for the expected loads, while severe hypothetical 



accidents would likely resul t in duct fai lure; in addition, the consequences of 
a localized failure of the subassembly duct were investigated. 

In this repor t , several modes of propagation for subassembly- to - ^ 
subassembly failure a re identified with the use of sa fe ty-assurance d i ag rams . 
Certain initiating events and fai lure-propagat ion modes that might lead to sus­
tained coolant voiding and subsequent meltdown of subassembl ies adjacent to 
an accident subassembly and beyond a re also examined. 

This repor t does not cover the total problem of subassembly- to -
subassembly failure propagation. For example, it does not addres s the problem 
of combined thermal and mechanical loadings and possible damage to the adja­
cent control or fuel subassembl ies ; nor does it consider the sequence of events 
leading to or following an accident situation postulated in the ana lys is . How­
ever, it does consider paramet r ica l ly the effect of t he rma l loading on the duct 
wall and coolant in the adjacent subassembl ies . When re levant initiating acci­
dents a re identified and the result ing loadings on the adjacent subassembl ies 
determined, the possibility of subassembly failure propagation can then be 
assessed using the resul ts presented in this repor t . 



II. INITIAL FAULTS AND THEIR CONSEQUENCES 

A previous r epor t on pin- to-pin failure propagation ' identified init ial 
faults and a s s e s s e d their potential consequences by faul t - t ree analysis and 
acc iden t -p rogress ion d iag rams . That a s s e s s m e n t will not be repeated in this 
repor t , but a few significant conclusions of that work will be reviewed. The 
initial faults were r ep resen ted in the ea r l i e r r epor t by three main ca tegor ies : 
(1) random fuel-pin fai lure, (2) operat ion with fuel pins under overpower 
conditions, and (3) debr is in the p r i m a r y coolant sys tem. These postulated 
initial faults may resu l t in the following potential propagation modes for fai lure: 
(l) r e l e a se of fission gas, (2) chemical react ion between fuel and sodium 
during continued operation, (3) initial p r e s s u r e t rans ien ts due to the vaporiza­
tion of coolcint contacting smal l amounts of molten m a t e r i a l s , (4) blockage of 
the coolant flow in the subassembly by fuel debr i s , and (5) localized coolant 
boiling. These events a r e summar ized in Fig, 1. Detailed analyses were 

•completed for each of these potential p rob lems . On the basis of these analyses , 
as well as the available exper imental r e su l t s , it was concluded that rapid 
failure propagation would not occur at low values of fuel burnup and under 
normal operating conditions. In fact, these modes of failure propagation 
appeared to be inherently self- l imiting. 

FUEL/COOLANT 
CHEMICAl 
REACTION 

FISSION-GAS 
RELEASE 

SINGLE-SUBASSEMBLY 
FLOW STARVATION 

PIN-TO-PIN 
FAILURE 

PROPAGATION 

FLOW BLOCKAGE 
FROM FUEL DEBRIS 

LIMITED MOLTEN-
FUEL RELEASE 

LOCALIZED 
COOLANT 
BOILING 

LOCAL FLOW 
BLOCKAGE 

Fig. 1. Potential Initial Faults and Failure-propagation 
Modes. ANL Neg. No. 900-2179 Rev. 1. 
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In sp i t e of t h e s e r e s u l t s , the i n t e g r i t y of t h e a c c i d e n t - s u b a s s e m b l y 
b o u n d a r y w a s i n v e s t i g a t e d for c e r t a i n p o s t u l a t e d a c c i d e n t s i t ua t i ons^ It w a s 
conc luded tha t a b r e a c h of the i n t e g r i t y of the s u b a s s e m b l y b o u n d a r y i s no t 
e x p e c t e d to o c c u r for the e x p e c t e d a c c i d e n t s o u r c e s . H o w e v e r a ^ r e a c ^ °^ *^^ 
s u b a s s e m b l y - b o u n d a r y i n t e g r i t y m i g h t o c c u r for s o m e s e v e r e h y p o t h e t i c a l 
a c c i d e n t s o u r c e s . 

Th i s r e p o r t i n v e s t i g a t e s the i n t e g r i t y of fuel s u b a s s e m b l i e s ad j acen t 
to an a c c i d e n t s u b a s s e m b l y . F i g u r e 2 shows the p o t e n t i a l m o d e s of s u b a s ­
s e m b l y f a i l u r e p r o p a g a t i o n . T h i s r e p o r t does not focus on a spec i f i c i n i t i ­
a t ing a c c i d e n t f r o m t h o s e ident i f ied by the s a f e t y - a s s u r a n c e d i a g r a m s ; 
i n s t e a d , p a r a m e t r i c s t u d i e s a r e m a d e o v e r a r a n g e of p o t e n t i a l a c c i d e n t con­
d i t ions T h u s , the r e s u l t s in t h i s r e p o r t can be u s e d to e v a l u a t e the c o n s e ­
q u e n c e s of a n u m b e r of g iven a c c i d e n t s t ha t fa l l w i th in the e n v e l o p e c o v e r e d . 

DAMAGE TO ADJACENT 
SUBASSEMBLIES 

SUBASSEMBLY 
FAILURE 

PROPAGATION 

LOSS OF SINGLE-
SUBASSEMBLY 

BOUNDARY INTEGRITY 

DAMAGE TO 
CONTROL RODS 

FAILURE OF 
SUBASSEMBLY BOUNDARY: 

THERMAL EFFECTS 

FAILURE OF 
SUBASSEMBLY BOUNDARY: 

MECHANICAL EFFECTS 

Fig. 2. Potential Modes of Subassembly-failure Propa­
gation. ANL Neg. No. 900-2173 Rev. 1. 
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III. ANALYSIS OF POSTULATED MODES OF FAILURE PROPAGATION 

F r o m the previous discussion of initiating faults, a r e a s of concern in 
subassembly- to - subassembly failure propagation can be grouped into severa l 
modes: (1) the response o f the adjacent subassembly to s t r ic t ly mechanical 
loads, (2) the response of the adjacent subassembly to s t r ic t ly t he rma l loads, 
and (3) the response of the adjacent subassembly to corabined the rma l and 
mechanical loads. Few analytical investigations to predict the capability of 
an adjacent subassembly duct to withstand external mechanical loadings have 
been documented. No new analyses have been undertaken for this repor t , but 
the l imited number of existing analytical studies have been reviewed and a r e 
summar ized in Sec. A below^. 

The t h e r m a l loading of the adjacent subassembly is considered in two 
par t s : (1) the effect on the duct wall and (2) the effect on the coolant t empe ra ­
tu re and flow distr ibution within the fuel btindle. A high external heat flux to 
the duct wall can resul t in duct melting and/or excessive the rma l s t r e s s e s 
which might lead to la rge deformations or failure. In Sec. B, the heat flux 
that resul t s in duct melting will be compared with a range of heat fluxes that 
might be expected from the neighboring accident subassembly. Also, a s impl i ­
fied t h e r m a l - s t r e s s - a n a l y s i s model is developed in order to predict the e las t ic -
plastic behavior of the adjacent subassenably duct when it is subjected to a 
severe t empe ra tu r e gradient. 

The coolant t empera tu re and flow distribution in the fuel bundle of an 
adjacent subassembly a r e investigated in Sec. C for both normal and distorted 
subassembly geomet r i e s , with and without an external heat flux over the sub­
assembly duct. The purpose of these studies is to see if rapid failure propa­
gation caused by coolant voiding in the adjacent subassembly is possible. 
Investigation of cases for the dis tor ted subassenmbly geonaetry consists of 
(1) p rogress ive ly deforming all six flats of an adjacent subassembly inward until 
three rows of fuel pins a r e compressed and (2) deforming only one flat inward. 

A. Mechanical Loading of Adjacent Subassembly Duct Wall 

Previous analytical studies on the response of an adjacent subassembly 
duct to an external p r e s s u r e pulse a r e summar ized he re . 

To model an adjacent subassembly duct subjected to an external p r e s ­
sure pulse, Cole^ assumed a simply supported beam under uniform la t e ra l 
static loading to de termine the longitudinal elast ic bending. The equations for 
the moments and deflections can be found in Ref. 5. The energy absorbed by 
the duct was assumed to be a function of the length of the loading zone and the 
load intensity. It was also assumed that when the s t r e s s developed in the duct 
reached the yield s t r e s s , buckling would occur. 

Cole la ter extended his analysis by considering a uniformly dis tr ibuted 
load applied to one flat of the subassembly duct supported at the two co rne r s 
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of t h e oppos i t e flat.^ By a s s u m i n g an e l a s t i c - p e r f e c t l y - p l a s t i c s r e s s - s t r a i n 

r e l a t i o n s h i p for the s u b a s s e m b l y duct m a t e r i a l , he u s e d a l;"^^;."^"^^^""" f;^'^ 

to d e t e r m i n e the c r i t i c a l s t a t i c l oad ings r e q u i r e d to f o r m p l a s t i c h m g e s m t h e 

s u b a s s e m b l y duct . 

Cole p e r f o r m e d a p a r a m e t r i c s tudy for v a r i o u s c r o s s - s e c t i o n a l d i m e n ­
s ions and y i e ld s t r e s s e s of the duct . He p r e s e n t e d a " s e v e r e " c a s e m which 
he a s s u m e d tha t one flat of the s u b a s s e m b l y w a s e x t e r n a l l y ^ ^ ^ ^ f !̂ >: ^ ^ ^ ^ ^ ^ ^ f 
dens i t y of 18.8 i n . - l b f / i n . ^ and tha t 20% of t h i s e n e r g y w a s a b s o r b e d by the duct 
w a l l The fol lowing p a r a m e t e r s w e r e u s e d : duct d i m e n s i o n s of 4 .615 m, a c r o s s 
ou t s i de f l a t s , 0 .14- in . d u c t - w a l l t h i c k n e s s , and y i e ld s t r e s s e s of 14,000 p s i and 
34,000 p s i r e p r e s e n t i n g the beginning of l i fe and end of l i fe , r e s p e c t i v e l y , for 
Type 304 s t a i n l e s s s t e e l at 1000°F. At the beg inn ing of l i fe , t he a b s o r b e d 
e n e r g y d e n s i t y c o r r e s p o n d e d to a p r e s s u r e of 58 p s i ac t ing on one flat of the 
s u b a s s e m b l y duct ; a de f l ec t ion of 0.119 in. and a s t r a i n of 0.377% r e s u l t e d . At 
the end of l i fe , the c o r r e s p o n d i n g p r e s s u r e w a s 110 p s i , wh ich r e s u l t e d m a 
de f l ec t ion of 0.0 56 in. and a s t r a i n of 0.24%. F a i l u r e of the s u b a s s e m b l y duct 
w a s not e x p e c t e d in e i t h e r c a s e . 

Pan ' ' a n a l y z e d t h r e e d i f fe ren t t y p e s of e x t e r n a l l o a d i n g s ac t ing on the 
ad j acen t s u b a s s e m b l y duct : l ong i t ud ina l u n i f o r m p r e s s u r e , r ing load Vidth uni ­
f o r m i n t e n s i t y , and l a t e r a l c o n c e n t r a t e d o r d i s t r i b u t e d loading on one flat of 
the duct . A s s u m i n g an e l a s t i c - p e r f e c t l y - p l a s t i c s t r e s s - s t r a i n r e l a t i o n s h i p for 
t h e duct m a t e r i a l a s we l l a s y i e ld s t r e s s e s of both i r r a d i a t e d and u n i r r a d i a t e d 
m a t e r i a l , h e u s e d a p l a s t i c l i m i t - l o a d a p p r o a c h t h r o u g h the i n t r o d u c t i o n of 
p l a s t i c h i n g e s at t he c o r n e r s and c e n t e r of t h e f la ts to ob ta in the c r i t i c a l s ta t ic 
e x t e r n a l l o a d s (both u n i f o r m p r e s s u r e s and r ing load ings ) for two d i f fe ren t duct 
d i m e n s i o n s . F o r e x a m p l e , for a d u c t - w a l l t h i c k n e s s of 0.151 in . , d i s t a n c e of 
5.151 in. a c r o s s ou t s i de f l a t s , and y i e l d s t r e s s of 40,000 p s i ( u n i r r a d i a t e d 
m a t e r i a l ) , t h e u n i f o r m e x t e r n a l p r e s s u r e on a l l s ix f la ts r e q u i r e d to i n i t i a t e 
y i e l d i n g a t t h e c o r n e r s of t h e f la ts w a s 220 p s i . H i g h e r p r e s s u r e s of 330 and 
434 p s i w e r e r e q u i r e d to f o r m p l a s t i c h i n g e s a t t h e c o r n e r s and a t both c o r n e r s 
and c e n t e r s of the duct f l a t s , r e s p e c t i v e l y . 

The c r i t i c a l l a t e r a l c o n c e n t r a t e d f o r c e on one flat of the ad j acen t sub­
a s s e m b l y duct w a s a s s u m e d to a r i s e f r o m con tac t wi th the a c c i d e n t s u b a s s e m ­
bly and o c c u r r e d when p l a s t i c h i n g e s a r o u n d t h e ad j acen t s u b a s s e m b l y duct 
w e r e f o r m e d . The t o t a l de f lec t ion of the ad j acen t s u b a s s e m b l y duct due to 
l a t e r a l load ing w a s a s s u m e d to be t h e l i n e a r s u m of the c r o s s - s e c t i o n a l d i s ­
t o r t i o n and t h e g r o s s ( longi tudina l ) bending d e f o r m a t i o n . 

Coffield and Wat te le t^ u s e d t h e F E A T S f i n i t e - e l e m e n t c o m p u t e r code^ 
to a n a l y z e the d e f o r m a t i o n of an i r r a d i a t e d s u b a s s e m b l y duct ( d u c t - w a l l th ick­
n e s s of 0.12 in. and a c r o s s - o u t s i d e - f l a t s d i s t a n c e of 4 .575 in.) s u b j e c t e d to a 
u n i f o r m s t a t i c e x t e r n a l p r e s s u r e on a l l s ix f l a t s . A b i l i n e a r s t r e s s - s t r a i n 
r e l a t i o n s h i p w a s u s e d for the duct m a t e r i a l , and t h e fol lowing m a t e r i a l p r o p -
e r t y p a r a m e t e r s , c o r r e s p o n d i n g to a n e u t r o n f luence of 2 x 10 n / c m , w e r e 



a s s u m e d : 7 5 , 0 0 0 - p s i y i e l d s t r e s s and 2.5% r u p t u r e s t r a i n at 1000°F, and 
3 0 , 0 0 0 - p s i y i e l d s t r e s s and 0.5% r u p t u r e s t r a i n at 1500°F. The c a l c u l a t i o n s in­
d i c a t e d t h a t t he duct w a s c a p a b l e of w i th s t and ing a u n i f o r m e x t e r n a l p r e s s u r e 
of 1000 p s i a t 1000°F and 400 p s i at 1500°F wi thout r e a c h i n g the m a x i m u m 
a l l owab le s t r a i n . The above a n a l y s e s a r e s u m m a r i z e d in T a b l e I. 
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TABLE I. Summary of Analyses of External Loading on Sutassembly Duct 

Reference 

4(GEI 

6(GE) 

7(AII 

8(WARDI 

1. 
2. 
3. 

1. 

2. 

3. 

4. 

1. 

2. 

3. 

1. 

2. 

3. 

Assumptions 

Lateral static loading 
Elastic beam analysis 
Simply supported 

Static lateral 
pressure 
Elastic-perfectly 
plastic material 
Limit-load approach 
HEXDOUT computer 
program 

Static un i form 
pressure 
Elastic-perfectly 
plastic material 
Limit-load approacti 

static uni form 

pressure 
Elastic-plastic witt i 
hardening 
FEATS finite-element 
computer code 

Duct Geometry; 
d = cross-flat outside 

Pressure diameter, i n . 
Loading, psi h • wall thickness, i n . 

Pressure intensity 
varies with different 
loaded length. 

a. 

b. 

a. 
b. 
c. 

a. 

b. 

58 

no 

220 
330 
434 

1000 
400 

d • 

h -

d • 

h • 

d • 

h = 

d -
h -

4.615 
0.14 

4.615 
0,14 

5.151 
0,151 

4.575 
0.12 

Yield stress, 

Oy, psi 

10,000 

50,000 

SS304 

a. 14,000 
(beginning of life) 

b, 34,000 
(end of life) 

40,000 

SS316 at fluence of 
2 X 1023 n/cm2 
a. 75,000 

(rupture strain = 

b. 30,000 
(rupture strain • 

2.5%) 

0.5%) 

Temp, °F 

1000 

a. 1000 
b. 1500 

Results 

A parametric study 
for subassembly-
duct deflections. 

a. 

b. 

a. 

b, 

c. 

a. 

b. 

Deflection • 
0,119 in . 
Strain = 0,377% 
Deflection • 
0.056 i n . 
Strain • 0.24% 

Yielding at flat 
corners 
Plastic hinges at 
flat corners 
Plastic hinges at 
flat center and 

corners 

Max deflection < 
0.05 in . 
f^ax deflection < 
0.05 i n . 

Remarks 

Assuming buckling when 
reaching yield strength. 

No fai lure expected for 
either case. Parametric 
study also performed for 
different duct dimensions 
and yield stresses. 

Ring loading and concen­
trated load with other duct 
dimension and yield stress 
values also considered. 

In both cases, the values 
of rupture strain were not 
reached. 

The above s u m m a r i e s of p r e v i o u s a n a l y s e s i n d i c a t e t ha t t h e r e a r e l a r g e 
d i f f e r ences in the r e s u l t s ob ta ined f r o m t h e v a r i o u s a p p r o a c h e s . T h e s e d i f fe r ­
e n c e s a r e due not only to the d i f fe ren t p a r a m e t e r s ( g e o m e t r y , m a t e r i a l p r o p ­
e r t y , and load ing) , but a l s o to the fact t ha t d i f fe ren t a s s u m p t i o n s w e r e m a d e . 
Cole^'^ and P a n u s e d s imp l i f i ed a p p r o a c h e s such a s s t a t i c s i m u l a t i o n of the 
d y n a m i c p r o b l e m and i d e a l i z a t i o n of the m a t e r i a l p r o p e r t y ( e l a s t i c or e l a s t i c -
p e r f e c t l y - p l a s t i c s t r e s s - s t r a i n r e l a t i o n s h i p s ) . Coffield and Wat te le t^ c i r c u m ­
ven ted the m a t e r i a l - p r o p e r t y i d e a l i z a t i o n (but not the s t a t i c s imu la t ion ) by 
us ing the F E A T S c o m p u t e r code . Al though they found it n e c e s s a r y to a s s u m e 
a u n i f o r m p r e s s u r e loading on a l l s i d e s of the duct , they c l a i m e d tha t F E A T S 
can hand l e p l a n e , t w o - d i m e n s i o n a l p r o b l e m s , which would m a k e i t u n n e c e s s a r y 
to a s s u m e such a u n i f o r m load ing . F u r t h e r m o r e , M P R A s s o c i a t e s ^ " h a v e ind i ­
ca ted tha t t he F E A T S code m a y u n d e r e s t i m a t e s t r a i n s and de f l ec t ions for c e r ­
t a i n a x i s y m m e t r i c e l a s t i c - p l a s t i c p r o b l e m s . 

B a s e d on t h i s a s s e s s m e n t of the a n a l y s e s d i s c u s s e d above , s e v e r a l u n ­
c e r t a i n t i e s should be r e s o l v e d in o r d e r to ob ta in a m o r e a c c u r a t e a s s e s s m e n t 
of the r e s p o n s e of the s u b a s s e m b l y duct to e x t e r n a l m e c h a n i c a l l o a d i n g s . The 
following u n c e r t a i n t i e s a r e p a r t i c u l a r l y s ign i f ican t : 

1. A c c u r a t e p r e d i c t i o n of the c h a r a c t e r i s t i c s of the e x t e r n a l loading 
(pu l s e s h a p e , p e a k p r e s s u r e , p u l s e d u r a t i o n , e tc . ) i s i m p o r t a n t to the s e l e c t i o n 
of a s t a t i c o r d y n a m i c a p p r o a c h . Mos t of the a n a l y s e s d i s c u s s e d above a s s u m e d 
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that the external loadings applied to the duct were stat ic. Fo r c e r t a m types of 
p re s su re -pu l se loadings, dynamic effects may be significant in determining the 
duct response. If a stat ic approach is taken, it is important to show that it is 
an adequate approximation. 

2 The nonlineari t ies in the m a t e r i a l p roper t i e s for i r r ad i a t ed and un­
i r radia ted ducts should be taken into account. Elas t ic or e las t i c -per fec t ly -
plastic idealizations may provide some general t r ends , but the r e su l t s may be 
overly conservative. 

3 Instability of the subassembly duct due to buckling of the duct flat 
may occur before the maximum allowable s t ra in in the duct is at tamed. 

4 The analyses should be compared with exper imenta l r e su l t s over 
the range of deflections and s t ra ins of in te res t in order to demons t ra te the 
validity of the analytical model. 

5 For asymmetr ic problems involving c ro s s - s ec t i ona l dis tor t ion and 
longitudinal deflection of the subassembly duct, a th ree -d imens iona l model 
may yield much more reliable resul ts than two-dimensional models . 

6 Proper modeling of the in te rsubassembly-gap sodium and the 
subassembly-duct internals may strongly affect the duct response under cer ­
tain la tera l p re s su re -pu l se loadings. 

7. Better property data and failure c r i t e r i a for i r r ad ia t ed mate r ia l s 
a re needed to improve the confidence in the ma te r i a l p a r a m e t e r s used in the 
analysis. 

B. Effect of External Heat Flux on Adjacent Subassembly Duct Wall 

In Ref. 1, it was concluded that la rge amounts of molten fuel a r e not 
expected to be generated in an accident subassembly. In this section, the ex­
istence of molten fuel is postulated solely in order to predic t the response of 
an adjacent subassembly duct wall under severe thermal- loading conditions. 

1. Melting of Duct Wall 

F igure 3 shows the fraction of the duct wall mel ted as a function 
of the inside surface t empera tu re for var ious values of ex terna l heat flux. This 

Fig. 3 

Effect of External Heat Flux on Melting of Adjacent 
Subassembly Duct Wall. ANL Neg. No. 900-3644. 

600 900 1200 1500 1800 
INSIDE SURFACE TEMPERATURE OF DUCT WALL, 

2100 
F 
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f i g u r e w a s ob t a ined by a s i m p l e a p p l i c a t i o n of F o u r i e r ' s equa t ion of h e a t con­
duc t ion . The i n s i d e s u r f a c e t e m p e r a t u r e of the duct wa l l could be s u b s t a n t i a l l y 
g r e a t e r t h a n t h e coo lan t t e m p e r a t u r e , depending on the va lue of the s o d i u m - f i l m 
h e a t - t r a n s f e r coef f ic ien t and t h e h e a t flux. F o r a h e a t flux of 1 x 10^ B t u / h r - f t ^ , 
no m e l t i n g of the ad j acen t s u b a s s e m b l y duct wa l l wi l l o c c u r if t h e i n s i d e -
s u r f a c e t e m p e r a t u r e can be m a i n t a i n e d be low ~1900°F. F o r a h e a t flux of 2 x 
10^ B t u / h r - f t ^ , t he m a x i m u m i n s i d e - s u r f a c e t e m p e r a t u r e to p r e v e n t duct m e l t ­
ing i s ~1300°F. F o r h e a t f luxes of 3 x 10^ B t u / h r - f t ^ and h i g h e r , s o m e d e g r e e 
of duct m e l t i n g cannot be p r e v e n t e d . The ab i l i ty of the coolan t to m a i n t a i n the 
i n s ide s u r f a c e be low t h e s e m a x i m u m v a l u e s depends on the ef f ic iency of 
c o o l a n t - m i x i n g m e c h a n i s m s to r e m o v e the h e a t f r o m the coo lan t r e g i o n i m m e ­
d ia te ly ad j acen t to the duct w a l l and d i s t r i b u t e it m o r e u n i f o r m l y t h roughou t 
the fuel bund le . It wi l l be shown in Sec . III .C be low tha t t h e c o o l a n t - m i x i n g 
m e c h a n i s m s a r e eff ic ient enough to p r e v e n t duct m e l t i n g for h e a t f luxes up to 
about 2 X 10^ B t u / h r - f t ^ 

H e a t f luxes tha t could be e x p e c t e d f r o m m o l t e n fuel d e p o s i t e d on 
the ou t s ide of t h e s u b a s s e m b l y duct a r e f r equen t ly b a s e d on the " m a x i m u m 
nonboi l ing fuel t h i c k n e s s . " Tha t i s , the r a d i a l h e a t flux t r a n s f e r r e d to the duct 
wal l i s g e n e r a t e d in the t h i c k n e s s of fuel tha t i s be low the fuel boi l ing point . 
B a s e d on h e a t conduc t ion a l o n e , the t h i c k n e s s of the fuel l a y e r tha t i s at the 
fuel boi l ing point at t he o u t e r s u r f a c e and at t he duct m e l t i n g point at t he i n n e r 
s u r f a c e i s about 0 .05 in. for f u l l - p o w e r condi t ions and c o r r e s p o n d s to a hea t 
flux of about 1.2 X 10^ B t u / h r - f t ^ . Convec t ion wi th in the l iquid p o r t i o n of the 
fuel l a y e r m a y i n c r e a s e the h e a t flux s l igh t ly to about 1.4 x 10 B t u / h r - f t . 
F o r shutdown c o n d i t i o n s , t h e m a x i m u m nonboi l ing fuel t h i c k n e s s i s about five 
t i m e s a s t h i ck , but the c o r r e s p o n d i n g h e a t flux at t h i s r e d u c e d power condi t ion 
i s only about 0 .4 x 10^ B t u / h r - f t ^ 

The concep t of a nonboi l ing fuel t h i c k n e s s i m p l i e s the e x i s t e n c e of 
a c o r e of boi l ing l iquid fuel t ha t c o n d e n s e s at a n o t h e r l oca t ion of the s u b a s s e m ­
bly. Al though c o n d e n s a t i o n h e a t fliixes of about 4 x 10^ B t u / h r - f t ^ a r e c o n c e i v ­
able,^^ it i s m o r e p r o b a b l e tha t fuel v a p o r i z a t i o n (boil ing) would l ead to even tua l 
and p e r m a n e n t r e d i s t r i b u t i o n of the fuel, wi th a p o r t i o n of it ou t s ide the a c t i v e 
c o r e r eg ion . T h e r e f o r e , t h e duct w a l l i s not e x p e c t e d to m e l t , b e c a u s e the 
m a x i m u m h e a t flvix due to m o l t e n fuel d e p o s i t e d on the ou t s ide of the s u b a s s e m ­
bly duct i s about 1.4 x 10^ B t u / h r - f t ^ and the duct wa l l can t o l e r a t e h e a t f luxes 
up to about 2 x 10^ B t u / h r - f t ^ wi thout m e l t i n g . 

2. T h e r m a l - s t r e s s A n a l y s i s of Duct Wal l 

Al though t h e duct wa l l m a y not m e l t when m o l t e n fuel i s d e p o s i t e d 
on the o u t s i d e of t h e s u b a s s e m b l y duc t , the s e v e r e t e m p e r a t u r e g r a d i e n t c a u s e d 
by the h igh h e a t flux t h r o u g h t h e duct wa l l m a y r e s u l t in e x c e s s i v e t h e r m a l 
s t r e s s e s . T h e s e t h e r m a l s t r e s s e s could r e s u l t in an i n e l a s t i c condi t ion of the 
duct w a l l d u r i n g which l a r g e d e f o r m a t i o n s o r f a i l u r e could o c c u r . Hence , 
it i s i m p o r t a n t to d e t e r m i n e when such a condi t ion could be a t t a ined . In 
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order to provide a scoping analysis of this complex problem, a s s u m p ­
tions were made for the present analysis as follows: 

• The adjacent subassembly duct is subjected to a uniformly 
distributed high t empera tu re on the outer surface of one 
flat. 

• The tempera ture gradient through the th ickness of the flat 

is l inear. 

• The longitudinal var iat ions and end effect a re negligible. 

• The duct mate r ia l obeys an e las t i c -per fec t ly -p las t i c , 
s t r e s s - s t r a i n relationship. 

• The membrane s t r e s s e s developed in the flat a re negligible. 

a. 

2800 

Tempera ture Gradient Only. In Ref. 2, it was postulated that 
a uniformly distributed high t empera tu re was applied to the inner surface of 
one flat ofthe accident subassembly duct, and the t empera tu r e -g rad i en t limits 

that the duct could withstand both elastically 
and plastically were predicted. That analy­
sis can also be used in the p resen t case in 
which a uniformly dis tr ibuted high tempera­
ture is postulated to occur on the outer sur­
face of one flat of the adjacent subassembly 
duct. The analysis will not be repeated 
he re ; see Ref. 2 for detai ls . 

600 

.SS316, IRRADIATED, Q \ 
M = 2 / 3 M F L , YIELDING STARTS^ 

600 800 1000 

T,''F 

1200 1400 

The resu l t s a r e summar ized in Fig. 4, 
which presen ts the t empera tu re -g rad ien t 
l imits for both i r r ad ia ted and unirradiated 
ducts. The "melting line" cor responds to 
the outer surface being at the melting point 
and the inner surface at t e m p e r a t u r e T. For 
uni r radia ted ducts, deformation and failure 
may occur before the duct s t a r t s to melt. 
For i r rad ia ted ducts , failure might occur 
ei ther before or after the duct s t a r t s to melt. 
For example, if the i r r ad ia t ed duct is a s ­
sumed to have an ext remely low ductility, 
say, -0.2%, which is thought to be an overly 
conservat ive assumption, then it might fail 
when the bending moment M is two-thirds 

of the plastic flow moment MpL, which denotes the theore t ica l u l t imate plastic 
carrying capacity of the duct wall. For this conservat ive case , the i r rad ia ted 
duct is predicted to fail before the duct me l t s . 

If the i r rad ia ted duct is assumed to have more ductility than in 
the previous case , as exper imental data indicate, then failure would not occur 

Fig. 4. Effect of Irradiation on Temperature 
Gradient for Elastic-Plastic Behavior 
of Subassembly Duct Wall. ANL Neg. 
No. 900-1820 Rev. 1. 
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until significant p las t ic flow of the m a t e r i a l is established, say M = 0.9 MFJ_,. 

For this case , the t empera tu re -g rad ien t l imit is much higher , and the duct 
might mel t before failure due to plast ic flow. Although the i r r ad ia ted duct 
appears to have a higher res i s t ance against t h e r m a l loading than the u n i r r a ­
diated annealed duct, its strength depends on t e m p e r a t u r e , total amount of 
neutron fluence, ductility, and pres t ra in ing . Bet ter data on the proper t ies of 
i r r ad ia ted duct ma te r i a l s a re needed in o rde r to define appropr ia te failure 
c r i t e r i a adequately. F o r the present study, the uni r rad ia ted m a t e r i a l proper ty 
data were taken from Refs. 12 and 13. The i r rad ia ted data were taken from 
Refs. 14 and 15. 

b. Combined Tempera tu re Gradient and Internal P r e s s u r e . In 
this case , the adjacent subassembly duct is subjected to a modera te \iniform 
internal p r e s s u r e in addition to a high t empe ra tu r e applied along the outer 
surface of one duct flat. The combined moment at the ends (corners) of this 
flat due to the interact ion of the t empera tu re gradient and the in ternal p r e s s u r e 
inc reases as the t empe ra tu r e gradient i n c r e a s e s , and eventually reaches the 
elastic limit. The la rges t t empe ra tu r e gradient , ATy, that a duct is able to 
withstand elast ical ly can be predicted by 

AT, 
60 f pL' 

i g E o - r y ' "2P (1) 

where E is the modulus of elast ici ty, a is the coefficient of the rmal expansion, 
c is the yield s t r e s s , p is the in ternal p r e s s u r e , h is the duct-wall thickness 
(0.12 in. for the F F T F subassembly) , and L is the flat width (2.641 in. for the 
F F T F subassembly). The ma te r i a l p a r a m e t e r s used in the calculations a r e 
assumed to be those at t empera tu re T. 

F igure 5 shows the var ia t ion of AT for an uni r radia ted an­
nealed duct vdth duct-wall t empera tu re s (inner surface) ranging from 100 to 
1300°F and for different values of the internal p r e s s u r e . Even without a t em­
pera tu re gradient , the annealed duct can exceed the elast ic l imit if the p r e s s u r e 
is sufficiently high (e.g., near the subassembly inlet where the t empe ra tu r e s 
a re low and the p r e s s u r e s a r e high). The curve for p = 0 shows a slight 

350 

300 

250 

200 

ISO 

100 

50 

n 

^ " ^ ^ ^ J , 

_ ^ ^ ^ e : ^ 

/ 1 1 r - - ^ 

Fig. 5 

Temperature-gradient Limits for Elastic Behavior 
of a Type 316 Stainless Steel Duct Wall of an Un­
irradiated Subassembly. ANL Neg. No. 900-3606, 
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f AT for T s 900°F- t h i s i s due to v a r i a t i o n s in t h e p a r a m e t e r s E 
i n c r e a s e of AT for T ^ 900 ± , tn t e m p e r a t u r e p e r t u r b a t i o n i s b e -
and a at v a r i o u s t e m p e r a t u r e s . Th i s s i ignr te i p 

l i eved to be of no r e a l s ign i f i cance . 

F i g u r e 6 shows t h e v a r i a t i o n 
of AT for a n i r r a d i a t e d duc t for duc t -
w a l l t W e r a t u r e s f r o m 600 to 1300°F 
for d i f fe ren t v a l u e s of t h e i n t e r n a l 
p r e s s u r e . In t h i s f i g u r e , t h e "me l t i ng 
l i n e , " denot ing the s t a r t of duc t m e l t ­
ing , is h i g h e r t h a n the c u r v e s for ATy, 
T h e r e f o r e , even for i r r a d i a t e d d u c t s , 
t he e l a s t i c l i m i t wi l l be e x c e e d e d 
b e f o r e m e l t i n g of t h e duc t b e g i n s . 
The effect of i n c r e a s i n g i n t e r n a l p r e s ­
s u r e i s to d e c r e a s e t h e t e m p e r a t u r e 
g r a d i e n t r e q u i r e d to r e a c h t h e e l a s t i c 
l im i t . 
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Fig. 6, 

W h e n t h e t e m p e r a t u r e g r a d i e n t 

i n c r e a s e s b e y o n d A T y , t h e c o m b i n e d 

m o m e n t a t t h e e n d s of t h e f l a t e x c e e d s 

t h e e l a s t i c l i m i t a n d r e a c h e s t h e 

e l a s t i c - p l a s t i c r a n g e . B y m e a n s of 

i n e l a s t i c a n a l y s i s , t h e t e m p e r a t u r e - g r a d i e n t l i m i t c a n b e a p p r o x i m a t e d b y 

Temperature-gradient Limits for Elastic Behavior 
of a Type 316 Stainless Steel Duct Wall of an Ir­
radiated Subassembly. ANL Neg. No. 900-3604. 

AT 
60 [ 

1 9 D : v l [ 3 ( l - C)] 
^ 

i ^ • 2h2 
AT s AT y (2) 

w h e r e Q = M / M p L , . 

F i g u r e 7 s h o w s t h e t e m p e r a t u r e - g r a d i e n t l i m i t AT f o r a n u n ­
i r r a d i a t e d a n n e a l e d d u c t a s s u m i n g C, ^ 0 . 9 9 . S i n c e a l l t h e c u r v e s a r e b e l o w 
t h e " m e l t i n g l i n e , " s i g n i f i c a n t d e f o r m a t i o n a n d f a i l u r e of t h e d u c t m a y o c c u r 
b e f o r e t h e d u c t s t a r t s t o m e l t . T h e e f f e c t of i n c r e a s i n g t h e i n t e r n a l p r e s s u r e 
i s t o d e c r e a s e . the t e m p e r a t u r e g r a d i e n t r e q u i r e d f o r d e f o r m a t i o n of t h e d u c t . 

Fig. 7 

Temperature-gradient Limits for Plastic Behavior 
of a Type 316 Annealed Stainless Steel Duct Wall 
of an Unirradiated Subassembly for £ ̂  0.99. ANL 
Neg. No. 900-3602. 
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Figure 8 shows the t e m p e r a t u r e -
gradient limit AT for an i r rad ia ted duct 
assuming that failure (significant defor­
mation) occurs at ^ = 0.90. This c r i ­
te r ion is not as conservat ive as the 
assumption that failure occurs when 
yielding s t a r t s {Q = 2/3), but it does 
not allow as much plastic deformation 
as was assumed for the uni r radia ted 
duct {Q =̂  0.99). The curves a re above 
the "melting line" for t empera tu re s 
l e s s than about 1000°F and below for 
t empera tu re s g rea te r than about 1200°F. 
Therefore , it is predicted that at low 
t empera tu re s the i r rad ia ted duct will 
not significantly deform before mel t ­
ing occurs , and that at higher t empera ­
tu res the i r rad ia ted duct might deform 
and fail before the s tar t of melting. 

1300 

Fig. 8. 

F r o m the above analyses , it is 
concluded that the i r rad ia ted adjacent 
subassembly duct may provide a sig­
nificantly s t ronger b a r r i e r to prevent 
failure due to the rmal loading than the 
uni r radia ted duct. However, since the 
proper t ies of an i r rad ia ted duct a re 
strongly dependent on many factors , 

such as t e m p e r a t u r e , total neutron fluence, ductility, and pres t ra in ing, an 
appropria te fai lure c r i t e r ion must be adequately defined. Note also that the 
present analysis only provides a general prediction of the response of a sub­
assembly duct under t he rma l loadings, and more refined analytical methods 
and failure c r i t e r i a a r e required for detailed calculations. 

Temperature-gradient Limits for Plastic 
Behavior of a Type 316 Stainless Steel 
Duct Wall of an Irradiated Subassembly 
for C = 0.90. ANL Neg. No. 900-3603 
Rev. 1. 

C. Effect of Externa l Heat Flux on Coolant - tempera ture Distribution in Fuel 
Suba s s embly 

The external heat flux due to molten fuel deposited on the outside of 
the subassembly duct could not only cause melting or excessive the rma l 
s t r e s s e s in the duct wall, but it could also resul t in excessive coolant t empera­
tu res adjacent to the duct wall. Therefore , a thermal -hydrau l ic analysis was 
performed to determine conditions under which the coolant t empera tu re s next 
to the duct wall might approach the local boiling point. The resul t of this 
analysis will be confirmed by appropr ia te ex - r eac to r tests.^ In the f irs t par t 
o f the study, the normal subassembly geometry was assumed. In the second 
par t , a m o r e severe situation was investigated in which the subassembly duct 
and fuel-pin bundle were assumed to be par t ia l ly deformed as a resul t of ex­
t e rna l mechanica l forces . 
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1. Normal Subassembly 

The thermal-hydraul ic computer code FORCMX^^ was modified and 
used in the investigation of perturbat ions of coolant t e m p e r a t u r e in an adjacent 
subassembly resulting from an external heat flux caused by molten fuel m an 
accident subassembly. The FORCMX code was developed at Atomics In terna­
tional as a design tool for predicting LMFBR operating conditions. F r o m the 
resul ts of the 91-pin coolant-mixing experiments at ANL, it was concluded that 
the FORCMX predictions agreed quite well with the exper imenta l data. 

A uniform external heat flux was assumed to cover the en t i re heated 
length (36 in.) of one flat of the adjacent subassembly duct. The other five sub­
assembly flats were conservatively assumed to be adiabatic. The operating 
conditions and geometry used in the calculations correspond to those of the 
F F T F maximum power subassembly'" and a r e l is ted in Table U. The calcula­
tional pa rame te r s used in FORCMX were obtained from hydraul ic experiments 
with fuel subassemblies at Atomics International. 

TABLE II. Operating Conditions and Geometry for 
External Heat-flux Analysis; Normal Geometry 

Pin OD 0.2 3 in. 
Pin-to-pin triangular pitch 0.286 in. 
Heated length 36 in. 
Average linear power for fuel pin 10.16 kW/ft 
Axial power peaking factor (chopped cosine) 1.24 
Radial power peaking factor 1.0 
Average inlet mass velocity 4,028 x 10*' Ibm/hr-ft^ 
Coolant inlet temperature 792°F 

Figure 9 shows the layout of the FORCMX coolant subchannel for a 
217-pin bundle. The external heat flvac is assumed to be uniformly applied to 
the flat shown at the bottom of the figure (but not including the corner sub­
channels) along the ent i re heated length (36 in.). F igure 10 shows the profiles 
of the across- f la t s coolant t empera tu re at the top of the heated length under 
normal operating conditions and with an external heat flux of 4.0 x 10 Btu/hr-f t . 
Only about six rows of coolant subchannels away from the heated duct w^all are 
affected by the external heat flux. 

Fig. 9 

Layout of FORCMX Coolant Subchannel for 
a 217-pin Bundle. ANL Neg. No. 900-3636. 

CHANNEL 
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Fig. 10 

Across-flats Coolant-temperature Profiles 
at the Outlet of the 217-pin Bundle. ANL 
Neg. No. 900-3601 Rev. 1. 
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Figure 11 shows the maximum coolant t empera tu re (for Row 1, 
Channel 9 at the top of the heated length) as a function of external heat flux at 
full-power, full-flow conditions. At normal subassembly p r e s s u r e s , local 
coolant boiling would be expected 
to occur between 1800 and 1900°F. 
Therefore , to produce local coolant 
boiling, the external heat flux would 
have to be about 4 x 10^ Btu /hr - f t^ 
For this high heat flux, the subas­
sembly duct wall will be a lmost 
three-four ths molten (see Fig. 3). 

For m o r e reasonable 
values of the external heat flux, 
local coolant boiling is not expected 
to be a problem. For example, the 
heat flux based on the maximum 
nonboiling fuel thickness causes 
local coolant t e inpera tu res of about 
1300°F. 
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Fig. 11. Maximum Coolant Temperature in the 
217-pin Bundle as a Function of External 
Heat Flux. ANL Neg. No. 900-3637. 

Reactor-shutdown con­
ditions were also investigated. Im­
mediately following a s c r a m , the 
reac tor power decays to 10-15% of 
its no rmal value while the flow is 
still relat ively high. After 30-40 sec, the power dec reases to 5% and the flow 
to about 10%.^^ Since the power-to-f low ratio during the t rans ient immediately 
following the s c r a m is smal l , and then gradually i nc reases to its maximum 
value 30-40 sec after s c r am, a s teady-s ta te analysis at the maximum power-
to-flow rat io would be conservat ive. 

F igure 11 also shows the maximum coolant t empera tu re s as a 
function of external heat flux for the conservat ive case of 7% power and 10% 
flow. Local coolant boiling (~1700°F for shutdown conditions, where the p r e s ­
su res a r e substantially lower than that at no rma l r eac to r operating conditions) 
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becomes a possibili ty for external heat fluxes g rea t e r than about 0.4 x 10 Btu/ 
hr - f t^ This is only slightly higher than the heat flux due to the max imum non­
boiling fuel thickness under shutdown conditions. Therefore , local coolant 
boiling may occur if there a r e la rge t empera tu re gradients in the coolant 
region adjacent to the duct wall. 

In conclusion, local coolant boiling due to an external heat flux to 
one flat of the subassembly is not expected to occur for no rma l subassembly 
geometry For full-power, full-flow conditions, the highest average coolant 
t empera tu res in the region next to the duct wall a r e about 1300°F, or 500-
600°F below the local coolant boiling point, for the max imum expected heat 
fluxes from molten fuel. F u r t h e r m o r e , the duct wall is substantial ly mel ted 
for values of the external heat flux that can produce local coolant boiling. For 
reactor-shutdown conditions, the coolant t e m p e r a t u r e s a r e only slightly lower 
than the local coolant boiling point for the maximum expected heat fluxes. 

2. Par t ia l ly Deformed Fuel Subassembly 

In this section, the coolant flow and t empe ra tu r e in a par t ia l ly de­
formed fuel subassembly adjacent to an accident subassembly a r e studied. 
Two situations a re considered: (1) The adjacent fuel subassembly is deformed 
symmetrical ly on all six flats, and (2) the adjacent fuel subassembly is de­
formed on one flat only. The situation in which all six flats of the subassem­
bly duct a r e deformed is of little prac t ica l in teres t , but is included he re to 
ass i s t in understanding the situation of deformation of only one flat. In this 
lat ter case, the corners of the subassembly hex-duct a r e a ssumed to act as 
perfect hinges. 

The deformed-subassembly geometry consisted of progress ive ly 
moving one or all six flats of the duct inward. Four cases were considered: 
contact between duct wall and fuel pin, and additional compress ion of one, two, 
and three rows of fuel pins. Figure 12 shows the axial location of the assumed 
12-in.-long deformed section, which extends from the midcore downward. The 
deformed section includes 2-in. sections at both ends, v/here the changes in 
duct cross section are assumed to vary l inearly. Deformation of the duct wall 
and the pin bundle were analytically simulated by local reduction of the coolant-
subchannel flow a reas and gap spacings. For al l c a s e s , the c o r n e r - t o - c o r n e r 
width of the duct flat was assumed to remain constant in spite of the deformation. 

I — AXIAL DISTANCE ABOVE BOTTOM OF HEATED SECTION, In. 

O 0> O 0) OD O) 

I 1 _ _ | L__l ! 

_ ^ . \ ^ 
U—DEFORMED REGION—-J 

HEATED SECTION • 

Fig. 12 

Axial Variation in Flow Areas and Gap 
Spacings in a Deformed Subassembly. 
ANL Neg. No. 900-3640. 

The wi re -wrap spacers were represen ted as though they w^ere 
pressed into the cladding and duct wall at the contact points, and were smea red 
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in the coolant subchannels between contact points. The gap spacings were r e ­
duced to 10% of the normal values to avoid excess ive i te ra t ions in numer ica l 
calculat ions. 

The Argonne modified version^^ of COBRA-III computer code was 
used in this study. The subchannel-analysis method of COBRA assumes that 
the coolant in a subchannel at any axial location is uniform and that it can be 
represented by an average value. This might not be the case when the pin 
bundle is deformed and there is a high external heat flux to the duct wall, 
since severe t e m p e r a t u r e gradients might exist within the coolant subchannels 
adjacent to the heated surface. This , together with the cladding t empe ra tu r e s , 
is d iscussed in Sec. 3 below. All the coolant t empe ra tu r e s discussed in this 
section refer to the average values. 

Deformation of the subassembly duct walls and the fuel-pin bundle 
may change the p r e s s u r e - d r o p cha rac t e r i s t i c s of the pin bundle and cause a 
significant reduction in the inlet coolant flow to the subassembly. In the p r e s ­
ent study, p r e s s u r e drop ac ros s the subassembly was assumed to remain con­
stant by adjusting the inlet flow rate . 

Although the use of the w i r e -wrap flow-sweeping model would give 
more rea l i s t i c resu l t s in situations involving a high external heat flux to the 
subassembly duct wall, the difficulty in character iz ing the action of the wi re -
wrap space r s in the deformed region led to the use of an effective turbulent-
mixing p a r a m e t e r instead. The resu l t s thus obtained a re more conservative; 
i .e. , the coolant t empe ra tu r e s a r e higher next to the wall than actually expected 
to occur. 

The nominal conditions and geometry used in the calculations cor ­
respond to those of the F T R - r a t e d - c o r e high-power subassembly at beginning 
of life and a r e l is ted in Table III, which differs from Table II because of spe­
cific interest^^ in conditions slightly different from those tabulated in Ref. 20. 

TABLE III. Operating Conditions and Geometry for External 
Heat-f lux Analys is ; Pa r t i a l ly Deformed Subassembly 

Pin OD, in. 0-2 3 

P in - to -p in t r i angu la r pitch, in. 0.Z86 

Heated length, in. 36 

Average fuel-pin l inear power, kW/ft 11.06 

Axial power peaking factor (chopped cosine) 1.24 

Nominal inlet m a s s velocity, 10^ Ibm/hr-f t^ 4.43Z 

Coolant inlet t e m p e r a t u r e , °F 792 

Nominal core AT, °F 328 (19-pin) 
355 (37-pin) 
366 (61-pin) 
395 (217-pin) 

P r e s s u r e drop a c r o s s subassembly , psi 107 
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For external heat flux caused by the deposit of molten fuel, the 
heat flux is assumed to uniformly cover the deformed 12-in. axial length over 
the flat (or flats in the case of symmetr ica l deformations). 

a Fuel Subassembly with Symmetr ic Deformation of Six F l a t s . 
Due to symmetry, only a l / l 2 t h section of the fuel subassembly wirn symmet -
ric deformation of all six flats needed to be analyzed. The subchannel geome­
t r i es of a 217-pin subassembly for normal geometry, wa l l /pm contact one row 
compressed, two rows compressed, and th ree rows compressed a r e shown m 
Figs. 13-17, respectively. 

Figure 18 shows the effect of the deformation of the subassem­
bly duct walls and the fuel-pin bundle on the inlet coolant flow ra te to the sub­
assembly. The change in inlet flow rate to maintain a constant p r e s s u r e drop 
across the subassembly and its effect on coolant t empe ra tu r e dis t r ibut ion 
were examined for various cases . For wall /pin contact, the inlet flow rate 
was assumed to remain constant because the dec rease was only about 1%. 

(1) Results for Wall /Pin Contact. The subchannel geometry 
for the case in which duct walls touch the outer row of fuel pins is shown in 
Fig. 14. For the reduction of the wal l /p in-gap spacing to 10% of i ts normal 
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Fig. 13. Model of l/12th Section of a 217-pin 
Bundle; Normal Geometry 

Fig. 14. Model of 1/12th Section of a 217-pin 
Bundle; Wall/Pin Contact 



Fig. 15. Model of l /12th Section of a 217-pin 
Bundle; One Row Compressed. ANL 
Neg. No. 900-3595. 

Fig. 16. Model of l /12th Section of a 217-pin 
Bundle; Two Rows Compressed 

Fig. 17. Model of l /12th Section of a 217-pin 
Bundle; Three Rows Compressed 

U l 
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value, the flow a rea of the outer cool­
ant subchannels (e.g., Subchannel 9; 
see also Fig. 13 for the designation 
of subchannel numbers) is reduced to 
about 60%. F igure 19 shows the cool­
ant flow distr ibution along the 36-in. 
heated length for Subchannel 9. A 
maximum flow reduction of 70% occurs 
in the deformed section, and the flow 
recovers to about 94% of i ts normal 
value. 

F igure 20 shows the coolant-
t empera tu re distr ibution along the 
36-in. heated length for Subchannel 9 
when there is no heat flux external to 
the subassembly. The maximum cool­
ant t empera tu re in the deformed region 
is about 85°F higher than the normal 

value. Downstream ofthe deformed region, the t empera tu re i nc r ea se is r e ­
duced because of mixing between adjacent subchannels. At the top of the heated 
section, the tempera ture is only about 50°F higher than the no rma l value. 

W I 2 
Number of Rows Compressed 

Fig. 18. Change in Inlet Flow Rate 
of the 217-pin Bundle due 
to Deformation 
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Fig. 19. Axial Flow Distribution in Subchannel 9 for 
Wall/Pin Contact. ANL Neg. No. 900-4052. 

Fig. 20. Axial Coolant Temperature Distribution in 
Subchannel 9 for Wall/Pin Contact in the 
217-pin Bundle. ANL Neg. No. 900-4046. 

Figures 21 and 22 show the corresponding radia l (across-
flats) coolant-flow and - t empera tu re distr ibution in the subassembly, r e spec ­
tively, at both the midcore and the top of the heated section. Except for the 
outer coolant subchannels, the flow distr ibution in the remainder of the fuel 
bundle remains uniform as for normal geometry. In fact, the deformation of 
the duct walls counteracts the effect of normal coolant-flow s t reaming in the 
outer subchannels and actually resu l t s in a more uniform radial t e m p e r a t u r e 
distribution. 
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Fig. 22. Radial Coolant-temperature Distribution for 
Wall/Pin Contact in the 217-pin Bundle 

For a high external heat flux applied over the length of 
the deformed region on all six flats of the subassembly duct, Fig. 23 shows 
the maximum coolant t empe ra tu r e in the deformed region as a function of the 
external heat flux. For normal reac to r operating conditions, coolant boiling 
in the deformed region would not be expected to occur for t empera tu res below 
about 1800°F. For rea l i s t ic values of the heat flux (less than 2 x 10^ Btu/hr-ft^), 
the maximum coolant t empera tu re s a r e substantially lower than the boiling 
tempera ture . Therefore , local boiling is not expected to occur, except for un-
real is t ical ly high values of heat flux (above 4 x 10^ Btu/hr-ft^), in which case 
a substantial fraction of the duct wall is molten. 
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Fig. 23 

Maximum Coolant Temperature in the 
Deformed Region due to an External 
Heat Flux for Wall/Pin Contact 

EXTERNAL HEAT FLUX, 10® Btu/hr-f1^ 

(2) Resul ts for Compress ion of Fuel Pins. The subchannel 
geometr ies for compress ion of one, two, and th ree rows of fuel pins a r e shown 
in Figs . 15-17, respect ively. For these cases , note that some of the subchan­
nels have been combined compared to the normal geometry (e.g.. Subchannels 9 
and 35, 10 and 37, 11 and 39, and 12 and 13). This was done to alleviate ex­
cess ive numer ica l - i t e ra t ion problems that were encountered when the reduc­
tion in subchannel a r ea was very large (>7 5%). 

For no external heat flux to the subassembly. Fig. 24 
shows the maximum coolant t empe ra tu r e s in the bundle as a function of the 

file:///mIDCORE
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n u m b e r of rows of fuel p ins c o m p r e s s e d for two c a s e s : (a) c o n s t a n t m l e t flow 
r a t e and (b) cons tan t s u b a s s e m b l y p r e s s u r e d r o p . If t h e r e i s w a l l / p m c o n t a c t , 
t he m a x i m u m t e m p e r a t u r e is l ower t han for n o r m a l g e o m e t r y , b e c a u s e a s 
d i s c u s s e d e a r l i e r , a m o r e u n i f o r m r a d i a l t e m p e r a t u r e d i s t r i b u t i o n i s ob ta ined . 
E v e n with t h r e e rows of fuel p ins c o m p r e s s e d , t he m a x i m u m coo lan t t e m p e r a ­
t u r e in the bundle is only about 1340°F, w e l l be low the e x p e c t e d s a t u r a t i o n t e m ­
p e r a t u r e of the coolant . If we a s s u m e tha t t he in le t flow r a t e r e m a m s c o n s t a n t , 
the m a x i m u m coolant t e m p e r a t u r e s a r e even l ower . 
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Fig. 24 

Maximum Coolant Temperatures in the 217-pin 
Bundle due to Deformation for Constant Inlet 
Flow and Constant Subassembly Pressure Drop. 
ANL Neg. No. 900-4044. 
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T o i l l u s t r a t e t h i s 
p o i n t , F i g . 26 s h o w s t h e m i n i m u m s u b ­
c h a n n e l f low r a t e f o r t h r e e c a s e s of f u e l -
p i n c o m p r e s s i o n . F o r e x a m p l e , t h e m i n i ­
m u m f low r a t e f o r a s u b c h a n n e l w i t h 40% 
of i t s n o r m a l a r e a i s 34% of i t s n o r m a l 

Fig. 25. Minimum Subchannel Flow (Subchan­
nel 9) in the 217-pin Bundle due to De­
formation for Constant Inlet Flow and 
Constant Subassembly Pressure Drop. 
ANL Neg. No. 900-4054. 
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v a l u e w h e n o n e r o w of f u e l p i n s i s c o m ­
p r e s s e d , 4 0 % w h e n t w o r o w s a r e c o m ­
p r e s s e d , a n d 56% w i t h t h r e e r o w s 
c o m p r e s s e d . A s m o r e a n d m o r e r o w s 
of f u e l p i n s a r e c o m p r e s s e d , t h e o v e r ­
a l l s u b a s s e m b l y p r e s s u r e d r o p w o u l d 
b e e x p e c t e d t o i n c r e a s e u n t i l i t e v e n ­
t u a l l y d o m i n a t e s a n d t h e i n l e t f l o w r a t e 
t o t h e s u b a s s e m b l y i s s u b s t a n t i a l l y r e ­
d u c e d , s o t h a t t h e m i n i m u m s u b c h a n n e l 
f l o w r a t e s t a r t s t o d e c r e a s e . C o m p r e s ­
s i o n of m o r e t h a n t h r e e r o w s of f u e l 
p i n s h a s n o t b e e n ana ly2 ;ed . 

Fig. 26. Minimum Subchannel Flow as a Func­
tion of Flow Area and Number of Rows 
of Fuel Pins Compressed 

F o r a h i g h e x t e r n a l h e a t f l ux t o 
t h e s u b a s s e m b l y d u c t a p p l i e d o v e r t h e 
l e n g t h of t h e d e f o r m e d r e g i o n . F i g . 27 
s h o w s t h e m a x i m u m c o o l a n t t e m p e r a ­

t u r e s i n t h e d e f o r m e d r e g i o n a s a f u n c t i o n of t h e e x t e r n a l h e a t f lux . T h e h i g h e s t 
c o o l a n t t e m p e r a t u r e s a r e o b t a i n e d w h e n o n e r o w of f ue l p i n s i s c o m p r e s s e d , 
b e c a u s e , a s d i s c u s s e d a b o v e , t h e m i n i m u m s u b c h a n n e l f l o w r a t e i n c r e a s e s a s 
t h e n u m b e r of r o w s of f u e l p i n s c o m p r e s s e d i n c r e a s e s f r o m o n e t o t h r e e . 
B e c a u s e of t h e c o m b i n e d e f f e c t s of r e d u c e d t o t a l f l o w a n d t h e c o n t i n u e d a d d i ­
t i o n of f u e l - p i n h e a t f l u x a b o v e t h e d e f o r m e d r e g i o n , t h e m a x i m u m c o o l a n t 
t e m p e r a t u r e s i n t h e 1 2 - i n . d e f o r m e d r e g i o n ( s e e F i g . 27) m i g h t b e d i f f e r e n t 
f r o m t h o s e o c c u r r i n g i n t h e 3 6 - i n . h e a t e d r e g i o n . T h e m a x i m u m c o o l a n t t e m ­
p e r a t u r e i n t h e 3 6 - i n . b u n d l e i s s h o w n i n F i g . 2 8 . 
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Fig. 27. Maximum Coolant Temperatures in the De­
formed Region of the 217-pin Bundle due to 
External Heat Flux and for Various Degrees 
of Deformation. ANL Neg. No. 900-3645. 

Fig, 28. Maximum Coolant Temperatures in the 
217-pin Bundle due to External Heat Flux 
and for Various Degrees of Deformation 

F i g u r e 29 s h o w s t h e a x i a l c o o l a n t - t e m p e r a t u r e d i s t r i b u ­

t i o n a l o n g t h e h e a t e d s e c t i o n f o r t h e c o m b i n e d S u b c h a n n e l s 9 a n d 35 fo r o n e 
of f u e l p i n s c o m p r e s s e d u n d e r v a r i o u s s i t u a t i o n s . T h e c o o l a n t t e m p e r a t u r e 

r o w 
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Fig. 29. Axial Coolant Temperature Distribution 
in Combined Subchannels 9 and 35 for 
One Row Compressed and with an Exter­
nal Heat Flux 

in the deformed region i n c r e a s e s be ­
cause of the combined effect of the 
deformation and the external heat flux. 
As the hot coolant leaves the deformed 
region, it mixes with cooler coolant 
from the neighboring subchannels and 
the t empe ra tu r e immediate ly drops. 
Eventually, it r i s e s again, due to heat 
generated in the fuel pins in the upper 
portion of the heated section. For high 
heat fluxes, the max imum coolant t em­
pe ra tu re occurs in the deformed region, 
whereas for low heat fluxes (below 1 x 
10^ Btu/hr-ft^), it occurs at the end of 
the heated section. 

In conclusion, the resu l t s for the par t ia l ly deformed sub­
assembly indicate that local coolant boiling (1800-1900°F for no rma l reac to r 
operating conditions) is not expected to occur for external heat fluxes up to 2 x 
10^ Btu/hr-ft^. When local coolant boiling does occur, the external heat flux 
is at such a level that a substantial fraction of the duct wall is molten. These 
resul ts for the partially deformed bundle a re quite conservat ive in that all six 
flats of the subassembly duct a re deformed and the external heat flux is applied 
to all six flats. This case might be more reasonable if the subassembly were 
surrounded by six accident subassemblies . In the m o r e rea l i s t i c case of a 
single accident subassembly surrounded by six adjacent subassembl ies , only 
one flat of an adjacent subassembly would be expected to be severe ly deformed 
and/or subjected to high external heat flux. This case is d i scussed in Sec. b 
below. 

b. Fuel Subassembly with Deformation of One Flat . In the p r e ­
vious section, thermal-hydraul ic analyses of a symmetr ica l ly deformed FTR-
type subassembly with all six sides of the duct p r e s sed against the fuel pins 
were presented. In this section, resul ts a r e presented for the postulated situ­
ation in which only one side of the duct, that nea re s t the rupture si te of an 
accident subassembly, is deformed. Each corner of the duct is a s sumed to 
act as a perfect hinge. Due to symmetry, a half-sect ion of the bundle, instead 
ofthe l / l 2 t h section for the symmetr ical ly deformed case , is used for the 
present analysis. Figure 30 show^s the subchannel layout for a 61-pin bundle 
with one row^ of pins compressed. Because of the excessive compute r -co re 
storage and r\anning t ime required, only bundles of 19, 37, and 61 pins were 
investigated. Symmetric deformation of all six sides of these pin bundles was 
also studied, so that by comparing these resu l t s and those for the s y m m e t r i ­
cally deformed 217-pin bundle, one might be able to predict the effects of a 
postulated one-sided deformation of a subassembly duct on coolant t e m p e r a ­
tures within a 217-pin bundle. 
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Fig. 30. Model of Half-section of a 6 1 -
pin Bundle Used for Calculations 
with One Row of Pins Compressed. 
ANL Neg. No. 900-3641. 

(1) No Externa l Heat Flux over De­
formed Subassembly Duct. Axial coolant flow 
in subchannels immediately adjacent to the de­
formed flat dec rea se s gradually in the deformed 
region and reaches a minimum near the top of 
the deformed region before it s t a r t s recovering. 
F igure 31 shows the minimum subchannel flow 
ra te as a function of the number of row^s of pins 
compressed in 19-, 37-, and 61-pin bundles. 
Except when the duct wall moves into contact 
with the first row of pins (wall/pin contact), 
the maximum reduction in subchannel flow is 
about 80%, i r respec t ive of the magnitude of 
displacement or the bundle size. The maximum 
coolant t empera tu re in each bvmdle for various 
displacements is shown in Fig. 32. Coolant 
t empera tu re inc reases as more rows of pins 
a r e compressed , but it decreases somewhat as 
bundle size inc reases . For the cases studied, 
the maximum coolant t empera tu re is far below 
the coolant saturat ion t empera tu re which is in 
the range from 1800 to 1900°F. 
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Fig. 31. Minimum Subchannel Flow Rate due to Dis­
placement of One Side of Duct with Hinged 
Corners. ANL Neg. No. 900-4048. 

Fig. 32. Normalized Maximum Coolant Temperature 
Rise due to Displacement of One Side of Duct 
with Hinged Corners. ANL Neg. No. 900-4050. 

As discussed before, the minimum subchannel flow in a 
symmetr ica l ly deformed subassembly becomes l a rge r as more rows of pins 
a r e compressed . The effect of local f low-area reduction due to the compres ­
sion of fuel pins is m o r e significant than the inlet flow reduction result ing from 
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an i n c r e a s e d s u b a s s e m b l y p r e s s u r e d r o p . F i g u r e 33 shows t h e m i n i m u m s u b ­
channe l flow a s a function of the n u m b e r of r o w s of p ins c o m p r e s s e d m a 6 1 -
pin bundle for both c a s e s , i . e . , d e f o r m a t i o n of one s ide and s y m m e t r i c a l d e f o r -
L a t i o n of s ix s i d e s . Excep t for w a l l / p i n con tac t , the r e d u c t i o n in Bubchannel 
flow i s m u c h l a r g e r in the o n e - s i d e - d e f o r m e d c a s e t h a n tha t m the - - - d e s -
d e f o r m e d c a s e . In F ig . 34, m a x i m u m c o o l a n t - t e m p e r a t u r e r i s e i s p lo t t ed 
aga ins t the bundle s i z e for s y m m e t r i c a l c o m p r e s s i o n of one and two r o w s of 
p ins . In both c a s e s , the n o r m a l i z e d m a x i m u m c o o l a n t - t e m p e r a t u r e r i s e d e -
c r e a s e s a s the bundle s i ze i n c r e a s e s . 
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Fig. 33. Minimum Subchannel Flow Rate in a 
Deformed 61-pin Bundle. ANL Neg. 
No. 900-3639 Rev. 1. 

Fig. 34. Normalized Maximum Coolant Tem­
perature Rise in Various Symmetrically 
Deformed Bundles with Constant Subas­
sembly Pressure Drop 

R e s u l t s f o r v a r i o u s c a s e s w i t h 3 7 - , 6 1 - , a n d 2 1 7 - p i n 
b u n d l e s a r e c o m b i n e d a n d s h o w n i n F i g . 35 . F o r t h e s m a l l e r b u n d l e s w i t h 
s y m m e t r i c a l d e f o r m a t i o n , a n a l y s e s w e r e m a d e fo r c o m p r e s s i o n of u p t o t w o 
r o w s of fue l p i n s . F o r d e f o r m a t i o n of o n e s i d e of t h e d u c t s u c h t h a t p e r t u r b a ­
t i o n s t o t h e t o t a l s u b a s s e m b l y f low a r e a a r e l e s s s e v e r e , c o m p r e s s i o n of u p 
t o t h r e e r o w s of p i n s w a s i n v e s t i g a t e d . I t i s e v i d e n t f r o m F i g . 35 t h a t (a) f o r 
a g i v e n s i z e of b u n d l e , t h e n o r m a l i z e d m a x i m u m c o o l a n t t e m p e r a t u r e r i s e i s 
l a r g e r f o r d e f o r m a t i o n of o n e s i d e o f t h e s u b a s s e m b l y d u c t t h a n f o r s i x s i d e s ; 
(b) a s m o r e r o w s of p i n s a r e c o m p r e s s e d , t h e n o r m a l i z e d m a x i m u m c o o l a n t 
t e m p e r a t u r e r i s e a l s o b e c o m e s l a r g e r ; (c) f o r b o t h o n e a n d s i x s i d e s d e f o r m e d , 
t h e n o r m a l i z e d m a x i m u m c o o l a n t - t e m p e r a t u r e r i s e i s s m a l l e r a s t h e b u n d l e 
s i z e b e c o m e s l a r g e r . B y c o m p a r i n g t h e s e r e s u l t s , o n e c a n p r e d i c t t h e e f f e c t 
of d e f o r m a t i o n of one s i d e of t h e 2 1 7 - p i n s u b a s s e m b l y . I t i s c o n c l u d e d t h a t 
t h e m a x i m u m c o o l a n t - t e m p e r a t u r e r i s e f o r t h i s a c c i d e n t s i t u a t i o n i s b e t w e e n 
550 a n d 6 3 0 ° F ( c o r r e s p o n d i n g t o 140 a n d 160% o f t h e n o m i n a l c o r e t e m p e r a t u r e 
r i s e ) , w h i c h i s s i g n i f i c a n t l y b e l o w t h e c o o l a n t s a t u r a t i o n t e m p e r a t u r e . 
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Duct. If m o l t e n fuel i s d e p o s i t e d on 
the ou t e r s u r f a c e of a p a r t i a l l y d e ­
f o r m e d s u b a s s e m b l y duct , the e x ­
t e r n a l h e a t flux, c o m b i n e d with the 
effects of r e d u c e d s u b c h a n n e l coo l ­
ant flow due to d e f o r m a t i o n , m a y 
r e s u l t in l o c a l o v e r h e a t i n g of coolant 
a n d / o r c ladding . F i g u r e 36 shows 
the m a x i m u m coolant t e m p e r a t u r e 
in the d e f o r m e d r e g i o n o f t h e 61-p in 
bundle wi th an e x t e r n a l hea t flux o v e r 
the b o t t o m s ide of the s u b a s s e m b l y 
duct ( see F ig . 30). C o m p r e s s i o n of 
two rows of p ins r e s u l t s in a s l igh t ly 
h ighe r m a x i m u m coolan t t e m p e r a ­
t u r e t h a n if only one row w e r e conn-
p r e s s e d . The m i n i m u m subchanne l 
flow is a l m o s t the s a m e if one, two, 
or t h r e e r o w s of p ins a r e c o m ­
p r e s s e d , a s shown in F ig . 33. The 
m a x i m u m coolan t t e m p e r a t u r e i s 
t h e r e f o r e e x p e c t e d to be about the s a m e , i r r e s p e c t i v e o f t h e magn i tude of 
d i s p l a c e m e n t , and i s e x p e c t e d to depend m a i n l y upon the e x t e r n a l hea t flux. 
F o r i n s t a n c e , t h e p r e d i c t e d t e m p e r a t u r e d i f f e rence c a u s e d by the c o m p r e s s i o n 
of one and two rows of p ins i s l e s s t h a n 50°F, as shown in F ig . 36. T h u s , for 
a l l v a l u e s of h e a t flux be low about 2 x 1 0 ^ B t u / h r - f t ^ the m a x i m u m coolan t 
t e m p e r a t u r e (-1450°F) for c o m p r e s s i o n of up to t h r e e rows of p ins in the 6 1 -
pin bundle i s fa r be low boi l ing (1800-1900°F) . 

F i g u r e 37 shows , a s a function of p in -bund le s i z e , t h e 
n o r m a l i z e d m a x i m u m coolan t t e m p e r a t u r e r i s e when one row of p ins i s c o m ­
p r e s s e d and the e x t e r n a l h e a t flux i s 2. 5 x 10^ B t u / h r - f t ^ F o r the s y m m e t r i c a l 

1 2 3 4 5 

EXTERNAL HEAT FLUX, 10® B t u / h r - f t ^ 

Fig. 36. Maximum Coolant Temperature in a One-
side-deformed 61-pin Bundle with an Ex­
ternal Heat Flux. ANL Neg. No. 900-3635. 
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Fig. 37 

Normalized Maximum Coolant Temperature Rise in Vari­
ous Deformed Bandies with One Row of Pins Compressed 
and with an External Heat Flux of 2.5 x 10^ Btu/hr-ft^. 
ANL Neg. No. 900-3642 Rev. 1. 

d e f o r m a t i o n of a l l s i x s i d e s , t h e 
m a x i m u m c o o l a n t - t e m p e r a t u r e 
r i s e i n c r e a s e s a s t h e b u n d l e s i z e 
i n c r e a s e s ; f o r t h e o n e - s i d e -
d e f o r m e d c a s e , t h e m a x i m u m 
c o o l a n t - t e m p e r a t u r e r i s e i s l o w e r 
f o r a l a r g e r b u n d l e . F o r t h e 2 1 7 -
p i n b u n d l e w i t h d e f o r m a t i o n of o n e 
s i d e of t h e s u b a s s e m b l y d u c t , t h e 
n o r m a l i z e d m a x i m u m c o o l a n t -
t e m p e r a t u r e r i s e i s e x p e c t e d t o 
b e l e s s t h a n 8 0 0 ° F , o r 2 0 0 % of t h e 
n o m i n a l c o r e t e m p e r a t u r e r i s e , 
a s c a n b e s e e n f r o m t h e r e s u l t s 
of t h e 3 7 - a n d 6 1 - p i n b x i n d l e s . 
C o m p r e s s i o n of m o r e t h a n o n e 
r o w of p i n s w i l l r e s u l t i n a s l i g h t l y 
h i g h e r m a x i m u m c o o l a n t t e m p e r a ­
t u r e , b u t e v e n i n t h a t c a s e , n o b o i l ­
i n g i s e x p e c t e d t o o c c u r f o r a h e a t 
f l ux l e s s t h a n 2 .0 x 10^ B t u / h r - f t ^ 

In c o n c l u s i o n , t h e r e s u l t s f o r t h e p a r t i a l l y d e f o r m e d s u b ­
a s s e m b l y i n d i c a t e t h a t l o c a l c o o l a n t b o i l i n g ( 1 8 0 0 - 1 9 0 0 ° F f o r n o r m a l r e a c t o r 
o p e r a t i n g c o n d i t i o n s ) i s n o t e x p e c t e d t o o c c u r , e v e n f o r v a l u e s of t h e e x t e r n a l 
h e a t f lux u p t o 2 X 10^ B t u / h r - f t ^ E x t e r n a l h e a t f l u x e s t h a t p r o d u c e l o c a l 
c o o l a n t b o i l i n g a r e s o l a r g e t h a t a s u b s t a n t i a l f r a c t i o n of t h e w a l l i s m o l t e n . 
E v e n a s e v e r e l y d e f o r m e d fue l s u b a s s e m b l y s u b j e c t e d t o h i g h h e a t f l u x e s 
( p r o d u c e d by m o l t e n fuel) w i l l n o t r e s u l t i n r a p i d f a i l u r e p r o p a g a t i o n c a u s e d 
by c o o l a n t v o i d i n g . 

3. T e m p e r a t u r e G r a d i e n t i n a C o m p r e s s e d S u b c h a n n e l A d j a c e n t t o a 

H e a t e d W a l l ~~~ 

T h e c o o l a n t - s u b c h a n n e l t e m p e r a t u r e s p r e d i c t e d b y C O B R A r e p r e ­
s e n t a v e r a g e v a l u e s a s m e n t i o n e d p r e v i o u s l y , a n d s e v e r e t e m p e r a t u r e g r a d i e n t s 
m i g h t e x i s t w i t h i n t h e s u b c h a n n e l w h e n t h e p i n b u n d l e i s d e f o r m e d a n d t h e r e i s 
a s i g n i f i c a n t e x t e r n a l h e a t f l ux t o t h e s u b a s s e m b l y d u c t . T o i n v e s t i g a t e if l o c a l 
c o o l a n t b o i l i n g i s p o s s i b l e fo r t h i s s i t u a t i o n , a m o r e d e t a i l e d m . o d e l of a t y p i c a l 
c o o l a n t s u b c h a n n e l w a s s e t u p f o r t h e c a s e i n w h i c h o n e r o w of p i n s i s c o m ­
p r e s s e d . A s d i s c u s s e d e a r l i e r , t h i s r e s u l t e d i n t h e l o w e s t s u b c h a n n e l f low 
r a t e a n d t h e h i g h e s t a v e r a g e c o o l a n t t e m p e r a t u r e s . 

a. D e s c r i p t i o n of M o d e l . In F i g . 38 , i t i s a s s u m e d t h a t p i n s N o . 2 
a n d 3 c o n t a c t t h e i n s i d e s u r f a c e of t h e s u b a s s e m b l y d u c t a n d t h a t p i n N o . 1 c o n ­
t a c t s t h e o t h e r t w o p i n s . T h i s a s s u m p t i o n , w h i c h d i f f e r s f r o m t h a t t a k e n f o r 
t h e C O B R A g e o m e t r y ( i . e . , t h e g a p s p a c i n g w a s r e d u c e d t o 10% of i t s n o r m a l 
v a l u e ) , w a s m a d e in o r d e r t o e s t i m a t e t h e m a x i m u m c l a d d i n g a n d f u e l 



t e m p e r a t u r e s in the d e f o r m e d pin 
bundle . The a r e a of con tac t be tween 
the p ins and the s u b a s s e m b l y duct 
w a l l w^as a r b i t r a r i l y a s s u m e d to ex ­
t e n d t h r o u g h an ang le of 10°. In e s ­
t i m a t i n g the f r ee flow a r e a for the 
coolan t subchanne l , the p r e s e n c e of 
the w i r e - w r a p s p a c e r w a s c o n s i d e r e d , 
but t he t h e r m a l - c o n d u c t i o n path 
t h r o u g h the w i r e w r a p was not i n ­
c luded in the a n a l y s i s . 

To s impl i fy the noda l r e p r e ­
s e n t a t i o n of the g e o m e t r y in F ig . 38, 
an equ iva len t c y l i n d r i c a l g e o m e t r y 
w a s u s e d , a s shown in F ig . 39. The 
m o d e l i nc ludes only pin No. 2 and 
the a s s o c i a t e d coolant r eg ion ; both 

pin No. 1 and t h e s u b a s s e m b l y w a l l w e r e s i m u l a t e d as e x t e r n a l hea t f luxes at 
the b o u n d a r i e s of the m o d e l . The coolant flow a r e a of the equ iva len t g e o m e t r y 
is the s a m e a s in the o r i g i n a l conf igura t ion . The 12- in . ax ia l length of the d e ­
f o r m e d s e c t i o n w a s d iv ided into s ix a x i a l l a y e r s , r e s u l t i n g in a t o t a l of 720 nodes . 

Fig. 38. Schematic of Fuel Pins and Duct Wall in a De­
formed Subassembly. ANL Neg. No. 900-3605. 

Fig. 39 

Calculational Model for the Study of Tempera­
ture Gradient in a Compressed Subchannel Adja­
cent to a Heated Wall. ANL Neg. No. 900-3634. 

CLADDING _ 

A modified vers ion of the T H T B " genera l -purpose heat-
t rans fe r code was used for the analysis . An average coolant flow rate in the 
subchannel was assumed, based on the COBRA resul ts of the previous section. 
No m a s s exchange between coolant nodes occurred, and the heat t ransfer 
between coolant nodes was determined by the hea t - t ransfe r coefficients at 
the in ter faces . These interfacial hea t - t r ans fe r coefficients were approximated 
on the basis of equivalent thermal-conduct ion paths within the coolant region. 
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b A n a l y t i c a l R e s u l t s . F i g u r e 40 s h o w s t h e r a t i o of t h e m a x i m u m 
c o o l a n t t e m p e r a t u r e t o t h e a v e l ^ I i ^ c o o l a n t t e m p e r a t u r e a t t h e t o p ̂ ^ ^he ^^e-
f o r m e d s e c t f o n a s a f u n c t i o n of t h e e x t e r n a l h e a t f l u x t o t h e -^-^-^^^^^^^f^^-
T h i s r a t i o w a s found t o b e e s s e n t i a l l y c o n s t a n t a l o n g t h e e n t i r e l e n g h of t h e d e ­
f o r m e d s e c t i o n . By u s e of t h e s e r a t i o s a n d t h e C O B R A r e s u l t s f o r t h e a v e r a g e 
c o o l a n t t e m p e r a t u r e , t h e m a x i m u m c o o l a n t t e m p e r a t u r e s c a n b e c a l c u l a t e d . 

Fig. 40 

Ratio of Maximum Coolant Temperature to 
Average Coolant Temperature as a Function 
of External Heat Flux in a Compressed Sub­
channel. ANL Neg. No. 900-3600 Rev. 1. 

EXTERNAL HEAT FLUX, 10^ Btu /hr - f t^ 

F i g u r e 41 s h o w s t h e r a t i o s of t h e m a x i m u m c l a d d i n g t e m p e r a ­
t u r e a n d t h e m a x i m u m fue l t e m p e r a t u r e t o t h e m a x i m u m c o o l a n t t e m p e r a t u r e 
a s a f u n c t i o n of t h e e x t e r n a l h e a t f l ux t o t h e s u b a s s e m b l y d u c t . 

Fig. 41 

Ratio of Temperatures as a Function of Ex­
ternal Heat Flux in a Compressed Subchannel 
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The resul ts a r e summar ized in Fig. 42, which shows the maxi ­
mum coolant and cladding t empera tu re s as functions of the external heat flux 
to the subassembly duct. For reasonable values of the external heat flux (up 
to 2 X 10^ Btu/hr-ft^), local coolant boiling would not be expected under normal 
operating conditions of a reac tor . However, local cladding failure may occur, 
depending upon the c r i te r ion used for cladding failure. For values of external 
heat flux such that local coolant boiling or cladding failure does become a prob­
lem, a substantial fraction of the duct wall would be molten, as shown in Fig. 3. 

22 
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14 

1? 

— 

1 

MAX. CLADDING--..^^ 

/ 1 

1 

L ^MAX. COOLANT 

y'^~^-M(o. COOLANT 

1 

— 

— 

— 

Fig. 42 

Maximum Coolant and Cladding Tempera­
tures in a Deformed Bundle with an External 
Heat Flux. ANL Neg. No. 900-3638. 

0 2 4 
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IV. SUMMARY AND CONCLUSIONS 

The r e s p o n s e of a s u b a s s e m b l y ad jacen t to an a c c i d e n t s u b a s s e m b l y 
to c e r t a i n m e c h a n i c a l and t h e r m a l loads h a s b e e n e v a l u a t e d to d e t e r m i n e the 
po ten t i a l for s u b a s s e m b l y - t o - s u b a s s e m b l y f a i l u r e p r o p a g a t i o n . 

P r e v i o u s a n a l y t i c a l s tud ie s on the r e s p o n s e of an a d j a c e n t s u b a s s e m ­
bly duct to e x t e r n a l p r e s s u r e p u l s e s w e r e r e v i e w e d and s u m m a r i z e d L a r g e 
d i f fe rences in the r e s u l t s w e r e found b e c a u s e of d i f f e r e n c e s m both the a n a ­
ly t i ca l m o d e l s and the a s s u m e d p a r a m e t e r s . The s ign i f i can t u n c e r t a i n t i e s m 
the a n a l y s e s w e r e ident i f ied and d i s c u s s e d . 

The effect of c e r t a i n t h e r m a l load ings on the ad j acen t s u b a s s e m b l y 
was c o n s i d e r e d in two p a r t s . The f i r s t p a r t i n v e s t i g a t e d the effect of an e x -
t e r n a l hea t flux on duct m e l t i n g and t h e r m a l s t r e s s e s . The m a x i m u m e x p e c t e d 
hea t f luxes due to m o l t e n fuel depos i t ed on the ou t s ide of the s u b a s s e m b l y did 
not r e s u l t in duct m e l t i n g . Howeve r , e x c e s s i v e t h e r m a l s t r e s s e s m a y c a u s e 
d e f o r m a t i o n a n d / o r m e c h a n i c a l f a i lu re of an u n i r r a d i a t e d duct b e f o r e m e l t i n g 
o c c u r s . B a s e d on the l im i t ed e x p e r i m e n t a l da ta a v a i l a b l e , an i r r a d i a t e d duct 
s e e m s to have a s igni f icant ly s t r o n g e r r e s i s t a n c e a g a i n s t t h e r m a l load ing , 
and duct m e l t i n g migh t o c c u r be fo re m e c h a n i c a l f a i l u r e due to e x c e s s i v e 
t h e r m a l s t r e s s e s . 

The second p a r t of the s tudy c o n s i d e r e d the effect of an e x t e r n a l h e a t 
flux on the c o o l a n t - t e m p e r a t u r e d i s t r i b u t i o n in the fuel bund l e . F o r n o r m a l 
s u b a s s e m b l y g e o m e t r y and fu l l -power r e a c t o r o p e r a t i n g c o n d i t i o n s , no c o o l ­
ant boi l ing is p r e d i c t e d for the n a a x i m u m e x p e c t e d h e a t fl\ixes due to m o l t e n 
fuel depos i t ed ou ts ide the s u b a s s e m b l y . A l s o , the h e a t flux r e q u i r e d to p r o ­
duce coolant boi l ing is so high tha t a m a j o r f r a c t i o n of the duct w a l l would 
a l r e a d y be mo l t en . F o r r e a c t o r - s h u t d o w n c o n d i t i o n s , t he h e a t fl\ix r e q u i r e d 
to p r o d u c e coolant boi l ing is s t i l l h i g h e r t han the m a x i m u m e x p e c t e d h e a t 
f luxes due to m o l t e n fuel, a l though the m a r g i n to r e a c h coo lan t s a t u r a t i o n 
point is s m a l l e r . F o r the d e f o r m e d s u b a s s e m b l y g e o m e t r y (up to t h r e e r o w s 
of fuel pins c o m p r e s s e d ) , the c o n c l u s i o n s a r e the s a m e a s for the n o r m a l sub ­
a s s e m b l y g e o m e t r y . A de ta i l ed m o d e l of the coo lan t r e g i o n b e t w e e n the duct 
wal l and the c o m p r e s s e d fuel pins shows tha t the m a x i m u m coo lan t t e m p e r a ­
t u r e can be s e v e r a l h u n d r e d d e g r e e s h i g h e r t han the a v e r a g e t e m p e r a t u r e , 
but coolant boi l ing would s t i l l not be e x p e c t e d to o c c u r un t i l a s u b s t a n t i a l 
f rac t ion of the duct wa l l is m e l t e d . 

In conc lus ion , r a p i d f u e l - f a i l u r e p r o p a g a t i o n to s e v e r a l s u b a s s e m b l i e s 
adjacent to an acc iden t s u b a s s e m b l y in wh ich m o l t e n fuel is g e n e r a t e d is not 
expec ted to o c c u r at n o r m a l power for a wide r a n g e of t h e r m a l l o a d i n g s p o s t u ­
la ted in th i s r e p o r t . Loca l f a i l u r e of the ad jacen t s u b a s s e n n b l y duc t w a l l f r o m 
e x c e s s i v e t h e r m a l s t r e s s e s m i g h t o c c u r , but the l e a k a g e flow out of the s u b a s ­
s e m b l y is not expec t ed to r e s u l t in e x c e s s i v e l o c a l coo lan t t e m p e r a t u r e p r o ­
ducing coolant void ing , if a c o n c u r r e n t h e a t flux i s not i m p o s e d by the a c c i d e n t 



s u b a s s e m b l y . E v e n a d e f o r m e d s u b a s s e m b l y s e e m s to have sufficient coo l ­
ing c a p a b i l i t y to p r e v e n t r a p i d f a i l u r e p r o p a g a t i o n c a u s e d by coolant voiding 
in the ad j acen t s u b a s s e m b l y . 

Add i t i ona l a n a l y t i c a l and e x p e r i m e n t a l effort is needed to a s s e s s a l l 
a s p e c t s of s u b a s s e m b l y - t o - s u b a s s e m b l y f a i l u r e p r o p a g a t i o n . F o r e x a m p l e , 
effort is r e q u i r e d to b e t t e r u n d e r s t a n d the c h a r a c t e r i s t i c s of the s o u r c e t e r m s 
p r o d u c e d by the p o s t u l a t e d in i t i a l fau l t s in an a c c i d e n t s u b a s s e m b l y . If s u b a s ­
s e m b l y m e l t d o w n due to h y p o t h e t i c a l in i t i a t ing even t s such as an inle t b lockage 
is c o n s i d e r e d , we need to a n s w e r the ques t i on of w h e t h e r a l a r g e l y plugged 
s u b a s s e m b l y , in wh ich m o s t m o l t e n m a t e r i a l s r e m a i n wi th in the in i t ia l fuel 
b o u n d a r y , c a n be f o r m e d in an L M F B R e n v i r o n m e n t . B e t t e r u n d e r s t a n d i n g 
of the s e q u e n c e of even t s fol lowing a l oca l f a i lu re of the ad jacen t s u b a s s e m ­
bly duct is n e c e s s a r y for the a s s e s s m e n t of the po ten t i a l for fu r the r f a i lu re 
p r o p a g a t i o n . The p o s s i b i l i t y of i n t e r a c t i o n b e t w e e n l iquid sod ium (from the 
ad jacen t s u b a s s e m b l y ) and m o l t e n m a t e r i a l s ( f rom the acc iden t s u b a s s e m b l y ) 
in th i s c a s e should a l s o be i n v e s t i g a t e d . 
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